INTRODUCTION
Considerable attention has been devoted to tartrate salts owing to their electrical properties. Some of them are ferroelectric and/or piezoelectric compounds, which are used in transducers and many linear and nonlinear mechanical devices. Recent research has examined the calorimetric and electric behavior of rubidium hydrogen tartrate (1) and ammonium tartrate (2) crystals. The phase transition mechanism of sodium potassium (Rochelle salt) (3) and sodium ammonium tartrate (4) has recently been reviewed.
We examine the relationship between the dielectric properties of tartrate salts with divalent cations and their crystal structure. The thermal and electromagnetic behaviors of manganese (5) and zinc tartrate (6) were previously investigated. Here we studied tetrahydrated calcium tartrate,
O. These crystals were grown with divalent cations as doping atoms in order to modify their structure. The divalent cations used were Ba, Sr, Zn, Cd, Co, Mn, and Ni. The structure of tetrahydrated calcium tartrate is known (7) . This compound shows the nonpolar space group P2 2 2 , which is opposite to the ferroelectricity established in (8) . The structure of transition metal tartrates is also known. This family of compounds crystallizes with a di!erent number of water molecules and belongs to two noncentrosymmetric space groups. For instance, MnT (9) and CuT (10) belong to the polar group P2 , and ZnT (11) and CdT (12) belong to P2 2 2 . The latter undergoes a structural phase transition before the water is lost (13) . Earth alkaline tartrates show di!erent 3D packing (not dimeric). Barium tartrate crystallizes in the P2 2 2 space group with nine oxygen atoms from six di!erent tartrates around the cation and without water molecules (14) . The strontium cation is eight-coordinated and crystallizes in the polar space group P2 (15) . We measured the dopant concentration on tetrahydrate calcium tartrate and analyzed the structural and electric variations due to the doping.
EXPERIMENTAL SECTION

Crystal Growth
Crystals of calcium tartrate tetrahydrate were grown in silica gel medium in pure form and with di!erent doping atoms. A 1 M solution of sodium metasilicate was added to another of 1 M tartaric acid L (#) until pH 4.5. Once that gelled, a 1 M aqueous solution of CaCl was poured on top and allowed to di!use into the gel. Calcium tartrate tetrahydrate crystals grew in the gel. To grow the doped crystals, an aqueous solution of the chloride of the dopant was used together with the outer reactant CaCl . The molar ratio used for mixing CaCl and dopant chloride was 0.05 and the experimental temperature was 313 K. Some of the single crystals show an octahedral shape with an apical distance of around 2 mm and an equatorial distance of around 2.5 mm.
Techniques for Determination of Composition and Molecular and Crystal Structure
The crystals were analyzed by X-ray powder di!raction with a Siemens D500 di!ractometer, using CuK radiation and a secondary monochromator. The step size was 0.053, the time of each step 10 sec, and the 2 range was 10}803. The doping concentration was analyzed by induced condensed plasma (ICP) with a Jobin-Yvon analyzer and surface analysis by X-ray photoelectron spectroscopy (XPS) on single crystals. The XPS equipment used was a Physical Electronics 5700 X-ray spectrometer with two excitation sources (MgK , h "1253.6 eV and Al K , h "1486.6 eV) and a multichannel electronic analyzer 80-365.
Raman spectra were excited on the powder sample using a Jobin-Yvon T64000 spectrometer, and an argon ion laser excitation. The detector used was a Control Data CDC. The spectra were recorded with the 514.5-nm line and a light power equal to 1.05 W. All spectra were calibrated against selected neon lines. The position, half-width, and relative intensity of each peak was determined, assuming it to be a Lorentzian function (the Gaussian contribution is negligible).
The crystal structure of calcium L-tartrate tetrahydrate doped with Ba, Sr, Cd, Ni, Zn, Mn, and Co was determined. Two samples of Zn-doped crystal were measured, because morphological di!erences were observed between the two samples. This was done in order to measure two sets of intensity data with a di!erent molar fraction of the doping atom. A similar method was followed in all single-crystal structure determinations. Di!raction data were collected on an Enraf-Nonius CAD4 automated di!ractometer equipped with a graphite monochromator. The }2 scan technique was used to record the intensities. Scan widths were calculated as A#B tan , where A is estimated from the mosaicity of the crystal and B allows for the increase in peak width due to MoK }K splitting. The unit cell parameters were obtained by a least-squares "t to the automatically centered settings from 25 re#ections (123(2 (213). The intensities from three control re#ections for each measurement showed no signi"cant #uctuation during the data collection. Empirical absorption corrections were made via scans (16) . Attempts to obtain spherical crystal failed because the crystals were too fragile. The structures were solved by direct methods, using the SHELXS computer program (17) , and re"ned by the full-matrix leastsquares method, using the SHELXL computer program 
(18). The function minimized was w""F "!"F "", where the weighting scheme was w"
. The values of k and k were also re"ned. The chirality of the structure was de"ned from the Flack coe$cient (19) .
Dielectric Permittivity Measurements
Dielectric permittivity measurements were carried out using a Hewlett-Packard impedance analyzer 4192A that was controlled by a microcomputer. Measurements were made at frequencies from 4;10 to 2;10 Hz with an applied voltage of 1 V and over the temperature range&65}1003C. Pellet samples were compressed under a pressure of 300 MPa and a "ne layer of silver paint was used as electrode. The pellet samples were then placed in the cell, which was enclosed in a resistance-heated furnace. The temperature of the sample was monitored using an iron constant thermocouple within an accuracy of $13C. At each temperature, at least 25 min was allowed before measurements to ensure sample thermal equilibrium. The &&pellet cell'' description, sample preparation, and data collection were reported previously (20, 21) . The dielectric permittivity ( *" !j ) of the material was obtained when the input impedance of the cell was measured. (22), where C is the geometric capacity of sample space and C is the residual capacity. Both parameters were calculated using standards.
DISCUSSION AND RESULTS
The formation of the doped crystals was corroborated with X-ray powder di!raction and Raman scattering. X-ray powder patterns show that the compounds are isostructural to calcium tartrate tetrahydrate with the peak positions displaced with those of pure compound and peaks of doped tartrate were not observed. Figure 1 shows, for example, the rotatory and translatory external modes and the longitudinal acoustic mode "rst member (LAM-1) ( (300 cm\) of pure calcium tartrate tetrahydrate, nickel-doped calcium tartrate tetrahydrate, and pure nickel tartrate pentahydrate. These modes give information about the packing forces. Figure 1 shows that the nickel-doped calcium tartrate is not a mixture of two pure compounds while signi"cant di!erences are observed in the external modes' intensities of The composition (in molar fraction) of each selected crystal mounted on the automatic di!ractometer was determined from structure re"nement and by evaluating the electron density of the Ca site (Table 1 ). In the Sr-and Ba-doped crystals the doping atom was located in the same position as the Ca atom. The result with Sr is consistent with the isostructurality between Sr and Ca tartrate tetrahydrate (23) . Ca and doping atoms were re"ned anisotropically with the same thermal coe$cients, while in transition metal-doped crystals a defect of the electronic charge was found in the Ca site. Single-crystal X-ray di!raction, surface analysis using XPS, and ICP analysis all gave inconsistent results on the composition of the crystals. The concentration of doping on the surface was higher in Ba-, Sr-, and Co-doped calcium tartrate tetrahydrate and lower in the Zn-doped form. This could be explained by di!erences in solubility or the formation of surface impurities.
Crystal data and structure re"nement results are listed in Table 2 . This table shows that the cell volume decreases in the presence of doping ion. This may be attributable to di!erent centering conditions in the two instruments; therefore, a crystal of calcium tartrate tetrahydrate was mounted on the di!ractometer. The cell parameters of calcium tartrate tetrahydrate were a"9.213(5) A s , b"9.6126(9) A s , and c"10.555(3) A s . These are higher than those obtained in the crystals with doping ion. On the other hand the structure obtained for the pure crystal is similar to the originally solved structure. In the crystal structure determination process of doped crystals, Sr and Ba were located at the same site as the Ca ion, while the doping transition metal atoms were not located from a di!erence synthesis and a defect of the electronic charge was found in the Ca site. The crystal structure determination shows that the Ca atom is always eight-coordinated to six oxygen atoms (Fig. 2) In order to determine the di!erences between the di!erent structures, a study using the half-normality plot (24, 25) was done. From the "rst plot, including all bond and nonbonded distances less than 4 A s , several hypotheses were examined until the &&best'' plot was reached, including the maximum distances possible, so as to give no trends of systematic errors. The distances excluded from this last plot were considered as the main di!erences between the structures. (The structure of pure calcium tartrate tetrahydrate was used as a reference in all comparisons.)
The main di!erence between the calcium L-tartrate tetrahydrate structure and the Ba-and Sr-doped crystal is in the localization of hydrogen atoms, which produces a di!erent hydrogen bond scheme. In Table 3 the hydrogen bridges of the structure of the pure calcium tartrate tetrahydrate and the compound doped with Ba are presented (some of the hydrogens of the Sr-doped form were not located). Thus, while O(10) is hydrogen bonded to O (8) and O(7) atoms in the pure crystal, it is hydrogen bonded to O(5) and O (7) in the doped compounds. These variations could explain the di!erent dehydratation temperature and the di!erent electric behavior. Three types of di!erences are observed between the pure crystal and the transition metal-doped crystals: the shortening of the Ca}O bonds (Table 4) , the torsion angles in the coordination polyhedron and tartrate ion, (Table 5 ) and the hydrogen bond scheme ( Table 3) . The "rst "nding is related to the decrease of the occupancy factor of the Ca site. The second and third are related to the localization of the doping atom.
In order to determine the possible site of the doping atom, the holes in the crystal structure were studied using the VALMAP computer program (26) . A hole located at (0.792, , ) was the largest in doped compounds (Fig. 3 ). This indicates that interstitial substitution may explain these structural di!erences.
As the localization of the hydrogen atoms from X-ray di!raction could not be reliable, these results were con-"rmed by Raman scattering measurements (Fig. 4) . The room-temperature Raman spectrum of the calcium compound in di!erent polarizations was shown by Taylor, Lockwood, and LabbeH (27) . In discussing the observed Raman spectra of these compounds, it is useful to classify vibrations as follows:
The rotatory and translatory external modes and the longitudinal acoustic mode "rst member (LAM-1) ( (300 cm\), which give information about the packing forces. Assignment of these lines to speci"c vibrational modes is problematic due to the considerable mixing of mode character. The four spectra show clear di!erences in the number of modes and in the position and width of peak frequencies, particularly in the 116}121 mode and 171}200 cm\ region. This suggests small di!erences in the crystal packing, con"rming the results obtained from singlecrystal X-ray di!raction.
The lattice and coordinated water molecules, librational modes (300( (600 cm\). The molecular vibrations of the H O mloecule are well known (28}31). The di!erences are small with the exception of the (H O) mode. This mode is located in Ca substitution doping compounds at 522.9(2) cm\ in Ba-doped and 523.5(5) cm\ Sr-doped compounds. In interstitial doping compounds it is located at 528.7(4) cm\ in Co-doped and 528.0(4) cm\ in Nidoped compounds and splits with di!erent intensities at 512.6(6) and 535.2(8) cm\ in Zn-doped compound. The values are 520.5(2) and 536.0(3) cm\ for pure calcium tartrate tetrahydrate.
In the tartrate wagging/twisting mode zone (1359( (1500 cm\) only a variation of the intensity of 1445.3 cm\ band is observed for doped samples in interstitial sites. This mode is observed at 1443.0 cm\ for the pure compound. No signi"cant di!erences are observed in the rocking and stretching mode (600( (1350 cm\) and HOH bending mode zones in interstitial doped compounds. The CO stretching mode splits at 1064}1070 cm\ and 1150}1156 cm\ in Ca substitution doped samples.
Dielectric permittivity temperature (Fig. 5 ) dependence shows qualitative di!erences between doped compounds and pure calcium tartrate tetrahydrate. The real part of permittivity increases in doped compounds. Table 6 shows the temperature where the real part of the permittivity is highest. The maximum was "tted assuming a Gaussian form for the peak. This temperature decreases when alkaline metals are used as doping atoms, which could be explained because the number of hydrogen bonds decreases when strontium and barium are used. The temperature increases when transition metal atoms are used which could be explained because the transition metal is coordinated with hydrated water molecules. Finally, the magnitude of dielectric permittivity increases when the surface molar fraction increases.
CONCLUSIONS
Di!erent behavior is observed according to the doping atom. The doping atom substitutes Ca when an alkaline earth atom is used. The main structural di!erences are (1) the lengthening of the shortest Ca}O bonds and (2) the breaking of some of the hydrogen bonds which may be explained by an earlier water loss in this type of compound. The doping atom occupies an interstitial site when a transition metal atom is used. We found three types of structural di!erences: (1) the shortening of the shortest Ca}O bonds (the longest Ca}O bond remains constant), explained by the lowering of the occupancy factor in the Ca site; (2) torsion angles in tartrate ion; and (3) the hydrogen bond explained by the doping atom localization.
